Light shifts are an important source of noise and systematics in optically pumped magnetometers. We demonstrate that the long spin coherence time in paraffin-coated cells leads to spatial averaging of the light shifts over the entire cell volume. This renders the averaged light shift independent, under certain approximations, of the light-intensity distribution within the sensor cell. These results and the underlying mechanism can be extended to other spatially varying phenomena in anti-relaxationcoated cells with long coherence times.
I. INTRODUCTION
Light shifts in alkali atoms have been researched since 1960s [1, 2] , however the effect of laser-induced vector light shifts (VLS) in coated cells has been little explored in the literature. The works considering light-shift effects primarily focus either on transitions relevant for atomic clocks [3] [4] [5] [6] [7] [8] , magnetometers using buffer-gas cells [9] [10] [11] [12] , or light shifts induced by broad-spectrum alkali metal lamps [1, 2, 13, 14] .
In this paper, we discuss the role of VLS in an optical magnetometer exploiting a paraffin-coated alkali-metal vapor cell [15] [16] [17] [18] [19] [20] [21] [22] . Unlike uncoated cells, paraffin-coated cells enable the atoms to undergo a number of wall collisions (up to 10 6 [23] ) without depolarization. In this way, thermal atoms sample the entire cell volume during their spin relaxation time and hence become sensitive to average, rather than local magnetic field [24] . In this work we demonstrate that the same reasoning can be applied to the VLS in paraffin-coated cells, making it, under realistic assumptions, a function of the total light power averaged over the cell volume, rather than the local intensity.
The experiment consists of a series of VLS measurements as a function of beam diameter and optical fre- † Present address: AOSense, Inc., Sunnyvale, CA 94085, USA. quency in a synchronously pumped (Bell-Bloom [25, 26] ) orientation-based Cs magnetometer. The magnetometer utilizes the resonant response of the atoms that occurs when the atoms are exposed to light modulated at a frequency that matches their Larmor-precession frequency ω L . The magnetic field can then be extracted by measuring the center frequency of the Lorentzian shaped magnetic resonance (MR). We investigate the dependence of the light shift on the beam diameter for a fixed optical power and show that with negligible optical pumping the shift is independent of the size of the laser beam (apart from small systematic contributions).
II. MODEL
To gain understanding of the processes involved in the light shift averaging, we consider a concentric cylindrical cell and a laser beam with radii R and r, respectively. The optical frequency of the light-shift laser is fardetuned from the relevant atomic transitions compared to the Doppler width, and the beam-intensity profile is assumed flat (top hat). In the presence of a magnetic field the atomic magnetic dipoles precess with ω L . Each individual atom interacting with the light-shift beam acquires a phase advance or retardation φ in its Larmor precession proportional to the change in the Larmor frequency due to the vector light shift in the beam δν and the time t spent in it during the spin coherence time T 2 .
The change in the Larmor frequency by a circularly polarized laser beam in the proximity of the D 2 transition is given by:
where ∆ LS is the frequency detuning of the LS beam with respect to the center of the Voigt profile of the F = 4 → F = 3, 4, 5 transitions, I the intensity of the LS beam, and β is a proportionality constant that can be calculated with second-order perturbation theory taking all the relevant transitions and magnetic sub-levels into account (see, for example, [27] ). The scaling of the MR center frequency shift can be understood as follows: assuming that the probability to find an atom in any part of the cell volume is the same, t is proportional to r 2 /R 2 , while the beam intensity I scales as 1/r 2 . Since the average phase change acquired by an atom is φ ∝ I × t, it does not depend on r. This average phase increment during T 2 can be translated into a average frequency shift of the MR δν LS by dividing it by the coherence time T 2 of the Larmor precession. Since φ is independent of the beam area, δν LS stays constant for a given power.
To estimate the LS beam contributions to the width of the MR we have to consider the different stochastic processes involved and their probability density functions. How often an atom interacts with the LS beam follows a Poissonian distribution with mean n ∝ r/R and how much phase advance or retardation the atom picks up should be normally distributed around φ = n φ 1 with variance n δφ 2 1 (where φ 1 and δφ 2 1 are the mean and variance per interaction, respectively). For √ n δφ 1 < n |φ 1 | 1 it can be shown (see, Ref. [28] ) that this kind of Larmor precession phase diffusion leads to the previously discussed shift but also to a broadening of the MR. The width increase is due to the uncertainty in the number of interactions per atom as well as the variance δφ 
III. EXPERIMENTAL SETUP
The foundation of the experimental setup (Fig. 1a) is a synchronously pumped Bell-Bloom type magnetometer with an additional laser beam (LS beam) that induces the light shift. The magnetic shielding, the sensor cell, and the leading field B 0 source are described in Ref. [29] . The paraffin-coated 133 Cs cell has a cylindrical shape and measures 50 mm in length and in diameter. Its longitudinal spin relaxation time is 0.7 s. The leading field B 0 has a magnitude of 489 nT, (ω L = 2π · 1710.0 Hz for the Cs F = 4 manifold), and is parallel toŷ. The probe light (852 nm distributed feedback laser (DFB) from Eagleyard, 9.8 µW) is linearly polarized ( E ŷ) and propagates orthogonally to B 0 ŷ (wave vector k pr x). Its optical frequency is stabilized using a dichroic atomic vapor laser lock (DAVLL, not shown in Fig. 1a ) [30, 31] close to the F = 4 manifold. The detuning and intensity of the probe beam are optimized for the largest signal with minimal power broadening. The circularly polarized pump light (852 nm DFB, 16.8 µW time averaged)
is injected into the cell orthogonally to B 0 ( k pmp ẑ). Its power is pulsed by an AOM at the Larmor frequency with a 3.4% duty cycle. The beam is routed by a singlemode polarizing fiber (Fibercore HB830Z) with cleanup polarizers at the output. The pump frequency is locked on resonance with the F = 3 → F = 4 transition by a DAVLL (not shown in Fig. 1 ). This produces atomic polarization (orientation) in the F = 4 manifold by optically pumping while simultaneously depopulating the F = 3 manifold. The large detuning from the probed F = 4 manifold also minimizes power broadening and light shifts caused by the pump [32] . The LS beam is circularly polarized (895 nm DFB, 5.5 µW time averaged) and propagates parallel to B 0 so that the vector light shift adds linearly to the Zeeman shift due to B 0 . The beam power is actively stabilized with an AOM in a feedback loop. To change the size of the beam and ensure a homogeneous intensity distribution, the initially Gaussian beam is expanded by a telescope to a large diameter and the central part is picked out by a computer controlled iris with variable aperture. The image of the iris is then formed by a lens system inside the cell and onto a beam profiler (Coherent LaserCam RS-170). For each beam size an image is taken and saved for later analysis. The pick-off for power stabilization and beam profiling is provided by an uncoated wedged beam splitter positioned after the imaging optics outside of the shields just followed by polarizing elements in front of the cell. The optical frequency of the LS beam is actively controlled by a wavemeter (Ångstrom/HighFinesse WS-7) in a feedback loop.
As the probe light propagates through the polarized atomic vapor, it experiences magneto-optical rotation [33] which causes a modulation of the probe's polarization direction at the Larmor frequency. The optical signal is detected with a balanced polarimeter connected to a transimpedance amplifier and demodulated with a lock-in amplifier (LIA) at the modulation frequency.
A signal generator (BNC 645) controls the pump pulse frequency and serves as a local oscillator (LO) for the LIA (SR 830). The phase of the LIA is adjusted to produce absorptive and dispersive signals in the X and Y LIA channels respectively, when the pump-pulse repetition frequency is scanned across the MR. The X and Y signals are captured with a data acquisition system (NI DAQ 6353) and analyzed with a computer (PC) that controls the experiment. Slow drifts in the the MR center frequency and width pose a challenge for our measurement, as they cause all data points to have a slightly different scaling between the measured signal and the actual light shift. To mitigate this, we simultaneously harmonically modulate the LS beam power and the pump pulse frequency (in the vicinity of the resonance) at different frequencies. Both signals cause a linear response in the dispersive channel of the lock-in. The latter modulation enables us to continuously monitor the dispersive slope of the MR throughout the experiment since the modulation amplitude is known. We effectively compare the modulation due to the LS beam with a modulation of known amplitude. This way the response of the cell is calibrated for each data point. The modulation frequencies of the LS beam power (ω M = 2π·0.8 Hz) and the pump pulse frequency (ω C = 2π·0.5 Hz) are chosen to be smaller than the MR linewidth (3.2 Hz) to avoid low-pass filtering.
For each data point, we record a 40 s sample of X and Y channels of the LIA. An example can be seen in Fig. 1b . The signals are Fourier transformed (Fig. 1c) and processed to extract the MR linewidth, amplitude and RMS Larmor frequency deviation caused by the LS beam. Each sample has an integer number of periods of both LS and LO modulations to minimize spectral leakage.
IV. RESULTS
To see whether the VLS is averaged by the atoms in a paraffin-coated cell, we measure the dependence of the MR center shift as a function of the LS beam area for a given total power (5.5 µW). The average LS intensity is adjusted to keep the total power constant as the beam diameter changes. The procedure is repeated for different optical frequencies of the LS beam, and each data set is fitted with a linear function. The fit results for different LS beam optical frequencies are presented in Fig. 2 .
The average light shift was calculated as an average Larmor frequency change over the data points with different diameters and a given optical frequency. As shown in Eq. 1 the average light shift scales as 1/∆ LS for large frequency detunings. This dependence is clearly visible in Fig. 3 .
The outlier point appearing at +9 GHz in Fig. 3 and 4 corresponds to the F = 3 → F = 2, 3, 4 transitions. This deviation from the theoretical scaling of the VLS and the slope is a result of optical pumping by the LS beam. At this frequency the LS beam acts as an additional pump producing orientation in the F = 4 manifold with effects on the MR width and amplitude. The absorption in the vapor also causes an effective reduction of the LS beam intensity. However, since it is an onresonant effect a detailed analysis is beyond the scope of this paper. Throughout the experiment the maximum MR center frequency shift was below 100 mHz (30 pT), which is well within the MR resonance width. Signal-tonoise ratio for each data point in Fig. 3 was on average 140 and for large detunings the measurement error was below 1 fT.
The dependence of the VLS on the beam diameter for each optical frequency is presented in Fig. 4 . The plot is the result of normalizing the light shift change per area change (Hz/mm 2 ) by the average light shift at each optical frequency, i.e. the ratio of the slope in Fig. 2 and the average light shift scaled by the maximum area change. A change of the beam area (and therefore of the intensity) by a factor of eight results in an average light shift change on the order of 3%. A likely explanation of this small variation is a systematic effect related to the power stabilization of the LS beam. There seems to be a small diameter dependent difference in power between the cell and the stabilization photodiode. This can have multiple reasons, e.g., clipping of the beam or an angle dependent sensitivity of the photodiode.
In addition to the average change, a sinusoidal variation with the optical frequency detuning is visible. This oscillation pattern appears to be the result of an etaloning effect in the vapor-cell windows. The modulation period of 60 GHz corresponds to a glass-resonator length of 1.7 mm, which is consistent with the thickness of the cell windows. To further verify this, we measured the LS beam power transmission as a function of beam diameter for different LS beam frequencies, which revealed the same pattern. In a separate set of similar experiments (not discussed here) we tried to observe the LS beam induced broadening of the MR width. Even with much longer averaging no broadening was detected. This is not surprising however given the values of δν LS are much smaller than the MR width. We expect the additional contribution due to δν LS to be on the order of δν LS / √ n, which should be added to the MR width in quadrature (Sec. II). The resulting maximum increase in MR width is less than 10 ppm, which was experimentally inaccessible.
V. CONCLUSION
In conclusion, we investigated how the vector light shift exerted by a circularly polarized laser beam on atoms in a paraffin-coated cell depends on the beam area. Theoretical estimation suggests that for a given beam power the overall light shift should be independent of the beam area, as long as the thermal atoms adequately sample the entire cell volume during the spin relaxation time. We experimentally verified that the vector light shift in a coated cell depends nearly exclusively on the total beam power and not on the beam area. With a factor of eight change in the beam area, the light shift changes by less than 3%. The residual dependence on the area can be explained by frequency and diameter dependent transmission of the LS beam in the optical elements between the atoms and the intensity-stabilization photodiode. The magnetic resonance broadening due to the variance in the number of passes through the light-shift beam or due to the variance in the time spent in the beam per pass was below the experimental sensitivity. These results are important for modern magnetic sensors that make use of auxiliary fictitious fields [29] and can be extended to other spatially averaged quantities in cells with long coherence times.
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